The design, fabrication and characterization of a highly integrated optical gas sensor is presented. The gas cell takes up most of the space in a microspectrometer and is the only component that has so far not been miniaturized. Using the tapered resonator cavity of a linear variable optical filter as a gas cell enables ultimate miniaturization, while maintaining robustness without any moving parts. Multiple reflections from highly reflective mirrors allow a 24-cell with an equivalent optical absorption path length of 6 mm.
Introduction
Monitoring the composition of distributed natural gas is crucial for safe and clean combustion. The increase in natural gas import and the addition of sustainable energy sources such as biogas in the gas grid results in a rather dynamic composition. This requires small, robust, and low-cost gas sensors that can be installed in every household.
Self-referenced and nondestructive optical absorption microspectrometers are highly demanded for on-site substance analysis. The composition measurement of combustible gases by MEMS-based infrared absorption spectrometers with Fabry-Perot interference filters has been previously addressed [1] [2] [3] . However, in all these devices the gas cell remains a separate component and the optical filter is tuned by changing the spacing between the mirrors of an optical resonator either dynamically through actuation or statically by creating an array of filters with different spacing.
Material identification with high accuracy requires spectral measurements over a wavelength range where the sample to be measured has unique patterns. Linear variable optical filters with a tapered resonating cavity are capable of wideband operation without any moving parts [4] . The characteristics of the Fabry-Perot optical filter with an absorbing medium in-between the mirrors was theoretically investigated and it was concluded that extreme high-finesse reflective coatings were required to achieve a long path cell behavior [5] . With the advances in MEMS technology, it is now possible to fabricate highly reflective mirrors with negligible surface roughness and waviness. Therefore, using the tapered cavity of a linear variable optical filter as a gas cell is a promising concept for high reliability, wideband operation and significant size reduction in MEMS-based absorption spectrometers.
Sensor design
The fingerprint region of hydrocarbons is in 3.1-as shown in Fig. 1 . However, an initially long resonator cavity and highly reflective mirrors are required to be able to elongate the optical light path; thus, to use it as a gas cell. An initially long cavity forces the filter to operate at a higher order that limits the bandwidth, i.e. free spectral range (FSR). Therefore, the wavelength range is narrowed down to 3.2-where the important changes in the spectra of hydrocarbons occur. The optical design of the linear variable filter based on the Fabry-Perot approach has been previously reported [7, 8] . A high-resolution filter with highly reflective mirrors was designed in the 3.2-one on each side of the cavity, is composed of 6 alternate layers of sputtered Si (228.41 nm) and SiO 2 (569.97 nm). The first SiO 2 layer of one of the mirrors is tapered (960-2460 nm) to create a tapered cavity (24-wideband operation. To analyze the effect of a gas sample in the cavity, methane is introduced as an optical layer in the thin-film design tool.
The Fabry-Perot interferometer consists of two parallel mirrors and a resonator layer in-between. However, in a linear variable filter, one of the mirrors is slightly tilted as in a wedged etalon or a Fizeau interferometer to ensure the wideband operation. For moderate and low reflectivity, the spectral performance of a Fizeau interferometer is highly similar to Fabry-Perot. The spectral response of a Fizeau interferometer with highly reflective mirrors on the other hand, diverges substantially from a Fabry-Perot filter. Therefore, analyzing a linear variable filter as an array of discrete Fabry-Perot filters is acceptable only if the mirrors are not highly reflective.
The transmission of the aforementioned linear variable filter is simulated using the Fizeau model as shown in Fig.  2 . Methane is introduced as an absorbing medium with the absorption coefficients extracted from NIST database. The wavelength is selected as 3.32 peak transmittance of the filter with methane to the peak transmittance of the filter only, the effect of methane can be calculated. The transmission of methane can then be correlated to the effective optical path length of the cavity using Beer-Lambert Law and the absorption coefficient of methane. The effective optical path length is calculated as 6 mm, which translates into 240 times elongation of the cavity. 
Fabrication
The fabrication of a tapered SiO 2 layer is based on reflow of a patterned resist and subsequent transfer etching [9] . Both the tapered and the flat reflectors were fabricated by sputtering alternate layers of Si and SiO 2 without breaking the vacuum. These reflectors are subsequently wafer bonded to finalize the fabrication. The profile of the tapered structure is shown in Fig. 3 with a useful between A and A', which covers the required range of 960-2460 nm. 
Optical measurements
The optical response of the filter was obtained by scanning through the length of the filter and measuring the transmission with a spectrometer. moved along its length with 2 mm steps. The size of the slit is selected such that the signal can be detected by the spectrometer. However, the large size of the slit compared to the expected width of the transmission curve, the uncollimated nature of the light and the fact that the distance between the filter and the detector cannot be controlled make the FTIR measurement results hard to analyze. Although the curves are widened and exhibit lower transmittance, they move towards longer wavelengths at positions with longer cavity as shown in Fig. 4 , which proves the wideband functionality of the filter. The authors are currently working on measurements with a highly collimated laser to characterize the filters in detail with narrower slits.
